Hereditary breast cancers affect women who have an increased risk of developing tumors because of a familial history. In most cases, they can be attributed to mutations in the breast cancer associated gene 1 and 2 (BRCA1 and BRCA2). Recent studies have demonstrated a link between the insulin-like growth factor (IGF) signaling pathway and familial breast cancer incidence. IGF and IGF receptors represent a family of biological growth factors and transducers, which have been involved in both physiological and pathological processes. It has been shown that BRCA1 regulates expression of several members of the IGF family.
I. Introduction
Breast cancer is the most common carcinoma in women with more than 1 million cases each year [1] [2] [3] . The incidence of breast cancer is increasing especially in young women. Familial susceptibility to breast tumor development represents about 5-10% of all cancer cases [4] [5] [6] .
A familial history contributes to a higher risk to develop the disease; for example, a firstdegree relative with breast cancer contributes to a risk ratio of 2.4. This increases with a lower age-incidence (under 50 years) and with the number of disease-prone relatives (with a risk ratio between 2.4 and 3.9). Familial breast cancer can be due to polymorphic combination of low penetrance genes conferring high tumor susceptibility or to mutations of higher penetrance genes. Linkage analysis studies have allowed the discovery of the first hereditary breast cancer genes named breast cancer associated gene 1 and 2 (BRCA1 and 2) [2-7-8] . Recent genome-wide association studies have identified four novel breast cancer susceptibility loci (FGFR2, TNRC9, MAP3K1 and LSP1) that might be responsible for a mildly increased risk [9] [10] [11] .
Approximately 40% of familial breast cancers are caused by mutations of BRCA1 and carriers have a 50-80% risk of developing breast cancer by the age of 70 [12] [13] [14] [15] . BRCA1 interacts with numerous proteins that play important functions in many biological processes [16] [17] . Several studies suggest a potential link between BRCA1-regulated gene expression and the Insulin-like Growth Factor (IGF) System. IGF proteins and their receptors (IGF-R) belong to well-described membrane tyrosine kinase signaling. This system is not only implicated in regulation of physiological processes but has also been linked to breast cancer formation and metastasis [18] . Pre-clinical and clinical studies (Phases I & II) targeting the IGF pathway have been implemented in therapeutic actions specifically throughout the use of monoclonal antibodies [19] . Several studies have shown that BRCA1 deficiency in mice or human cell lines in culture leads to increased expression of several members of the IGF 4 pathway resulting in carcinogenic effects. Targeting these proteins in cultured BRCA1deficient cancer cells also results in impairment of cell growth and survival. These observations suggest that preventive and therapeutic strategies used for BRCA1 mutation carriers might also benefit of IGF-targeting actions and improvement of pre-existing strategies for breast cancer families. The aim of this study is to present i) the IGF system (including growth factors, membrane receptors and downstream effectors) and its cellular or physiological functions, ii) the general aspect of familial breast and ovarian cancer epidemiology and present therapies including early organ monitoring, chemoprevention, invalidating prophylactic surgeries, and iii) the direct links between cancer development (including hereditary breast tumor) and the IGF system suggesting potential new preventive actions and therapies for BRCA1 carriers.
II. The IGF system

Presentation of IGF, IGF-R & IGFBP
Since the description of the "somatomedin hypothesis" [20] , which proposed the role of insulin-like growth factor-I (IGF-I) as a mediator of the action of growth hormone, many studies have tried to unravel the role of the IGF system on several tissues and different cell types. Its complexity is mainly due to the fact that it includes two soluble ligands, three cell surface receptors and six circulating binding proteins (Fig. 1) . IGF-I is a small polypeptide of 7,5 Kd and a member of one family of structurally related peptides that also includes insulinlike growth factor II (IGF-II). Actually, the primary sequences of human IGF-I and IGF-II are 62% identical, whereas these two proteins share about 50% amino acid sequence homology with proinsulin [21] . The two polypeptides are classified into four domains (B, C, A and D) and their three dimensional structures are known [22] [23] . Three alpha helices are the major secondary structural elements of IGF-I, IGF-II and insulin located in both the A and B 5 domains. Despite the significant structural similarity between these peptide hormones, they have distinct and different functions. In mammals, insulin is implicated in metabolic regulation in muscle, adipose tissue and liver. On the other hand and besides the insulin-like metabolic action, IGFs are considered to act mainly as growth promoting factors. This role has been proven in animal models where mice with a targeted disruption of the IGF-I or IGF-II gene are born at 60% birth weight compared to wild-type littermates [24] [25] , implying that both are necessary for normal growth. However, IGF-II is unable to compensate for the loss of IGF-I activity in patients with an IGF-I deficiency leading to severe growth and mental retardation [26] . Although IGF-II is thought to be required for embryonic development and IGF-I is essential later in life [27] , experiments in knockout mice have shown that both are necessary for normal embryonic development [28] . The biological actions of the IGF ligands depend on their specific interaction with cell surface receptors. Given that these interactions result in activation of unique signaling pathways, the study of the ligand-receptor interactions is crucial in understanding the role of these peptides in inducing biological outcomes.
The IGFs bind with high affinity to two cells surface receptors, the IGF-I receptor (IGF-IR), which has a high degree of homology to the insulin receptor, and the IGF-II receptor (also called the cation-independent mannose-6-phosphate receptor, IGF-IIR/M6P).
Due to the significant similarity between the IGF-IR and the insulin receptor, there is a crosstalk between the two systems [29] . IGF-IR and insulin receptor are both synthesized as precursors that finally will be processed to form the mature receptors. Both are transmembrane tyrosine kinase receptors composed of two a subunits that contain the extracellular hormone binding domain and two b subunits that contain intracellular tyrosine kinase catalytic activity domains linked together with disulphide bonds [19] . After ligand binding to the extracellular region, the conformational structure of the receptor changes leading to tyrosine phosphorylation of the intracellular b subunits with subsequent increase in 6 the intrinsic kinase activity of the receptor [30] [31] . In contrast, IGF-IIR has a different structure compared to the other two receptors. It consists of 15 repeating extracellular domains, a transmembrane domain of 23 amino acids and a 163 amino acid intracellular region. The different structure affects the function of the receptor since IGF-IIR has no intrinsic signaling transduction capability [32] [33] and serves as a scavenger for IGF-II. Each IGF ligand binds preferentially to its specific receptor. For example, the type I receptor binds IGF-I with the highest affinity but also binds IGF-II and insulin with approximately 10-and 100-fold lower affinity, respectively. IGFs may interact with insulin receptor and promote signal transduction, although with lower affinity than insulin. Interaction between IGF-IR and its ligands leads to the activation of the receptor, which mediates many physiological responses such as growth regulation, cell proliferation, differentiation and migration ( Fig. 1) .
Given the close homology of the IR and the IGF-IR, heterodimers composed of one IR a and b subunit complex and one IGF-IR a and b subunit complex are formed in cells expressing both receptors [34] [35] . In contrast, IGF-IIR exhibits a higher specificity in terms of binding ligands as it binds mainly IGF-II with high affinity, whereas interaction with IGF-I is very low and it does not bind insulin. As mentioned before, this receptor lacks the ability to trigger any signaling within the cell and primarily acts to sequester IGF-II from any possible receptor activating interaction and to internalize and degrade IGF-II (reviewed in [36] [37] ).
Several factors control the synthesis of IGFs. Growth hormone regulates positively the secretion of IGF-I both in the connective tissue cell types affecting somatic growth [25] and in the liver determining plasma concentrations of the hormone [38] . Apart from this direct regulation, the bioavailability of IGFs in blood is also indirectly regulated either positively or negatively by the levels of a family of proteins called the IGF binding proteins (IGFBPs). This family consists of six proteins (IGFBP-1 to -6), which under normal conditions bind at least 99% of the IGFs in the circulation [39] . These are small proteins (~30 7 Kd) where the cysteine-rich N and C terminal domains are connected by a flexible linker region. IGFBP-3 is the most abundant IGFBP in the blood playing an important role in stabilizing IGF-I. After binding both the hormone and acid labile subunit (ALS), the complex has a half-life of 16 hours, whereas the half-life of free IGF-I is less than 15 minutes [40] .
The second most abundant protein is IGFBP-2 followed by IGFBP-1, 4, 5 and -6, each one exhibiting different IGF-binding affinities. In tissues, their role is dual as they can both sequester IGFs from IGF-Rs blocking their action and release IGFs, which now can interact with their receptors, activating the cascade of signal transduction within the cell. The IGF binding affinity for IGFBPs is greater than that for IGF-Rs. Thus, IGFBPs can competitively regulate IGF binding and signaling. However, proteolysis of IGFBPs [41] , binding of IGFBPs to the extracellular matrix [42] or phosphorylation-mediated change of the affinity for IGFs [43] may induce release of IGFs. Although it seems that IGFBPs may also have IGF-independent actions [44] , they have an indispensable role in regulating IGF-dependent signal transduction by affecting the interaction between IGFs and IGF-Rs.
Signal transduction by the IGF-IR
As mentioned above, the IGF signal transduction pathway depends on the activation of the IGF-IR. Binding of IGF-I causes the activation of the tyrosine kinase, leading to autophosphorylation of the intrinsic tyrosines and tyrosine phosphorylation of multiple cytoplasmic substrates. More specifically, mutational studies [45] [46] Subsequent phosphorylation on tyrosine residues by the receptor leads to the recruitment of both Grb2 (growth factor receptor-bound protein) and the guanine nucleotide exchange factor Sos (son of sevenless). The resulting loading of GTP onto the small G protein Ras is the first step in the activation of the Ras/Raf/MAP kinase pathway, which is implicated mainly in the cell proliferative response to growth factors [47] [48] . However, it seems that there is also a cross-talk between these two pathways since Akt can phosphorylate Raf protein kinase on Ser259. This phosphorylation results in blocking of the ERK signal pathway due to the interaction of Raf with 14-3-3 proteins [49] .
Besides the above-mentioned pathways, IGF-IR is also coupled to the stimulation of Janus Kinases (JAK) 1 and 2, which then can phosphorylate/activate the signal transducers and activators of transcription (STAT) proteins mediating the transforming activity of the receptor [50] . Other proteins involved in downstream signaling of IGF-IR are cytoplasmic 9 proteins such as the proto-oncogene c-CRK, which enhances IGF-I signaling [51] , the adaptor protein Grb10 [52] , phosphatases like Syp, PTP-1B and PP-2A [53] [54] , as well as G protein-coupled receptors [55] .
III.
Involvement of the IGF system in human malignancy (transformation, tumor growth, metastasis)
The IGF system plays a critical role in regulating many different physiological responses due to both autocrine and paracrine actions. However, it has been implicated in various malignancies, including colorectal, pancreatic, ovarian, melanoma, glioblastoma, prostate and breast cancer. Several studies using both in vitro and in vivo models in combination with epidemiological studies have proven the interplay between the IGF system and the malignant phenotype.
Cell culture studies have clearly established that IGFs regulate some specific characteristics like cell-cycle progression and proliferation as well as inhibition of apoptosis, which is activated in order to eliminate the transformed cells. As far as the cell-cycle progression, IGFs increase cyclin D1 expression which is the main regulator of cyclindependent kinase 4 (CDK 4), through specific PI3-K activation [56] [57] [58] [59] , [60] [61] [62] [63] . Also, IGF-I activates p70 S6K, leading to phosphorylation of the S6 ribosomal protein and increased ribosomal pool necessary for entry into the cell cycle [64] . Alternatively, IGFs can downregulate expression of some inhibitors of CDKs (CDKIs), including p27 [65] [66] .
Furthermore, the IGF axis also affects the G2 to M transition. Although, much less experimental data has been published in this field compared to its role in G1 phase, it is known that IGF-IR-deficient cells either delay to enter G2 phase or accumulate in G2/M phase [67] [68] . Since proliferative cells have to overcome the activation of apoptosis, it has been shown that IGF axis plays a role in this process as well [69] . Mainly through the activation of the PI3K/Akt pathway, IGF-I phosphorylates the anti-apoptotic protein Bcl-2 and the pro-apoptotic proteins Bad and/or procaspase-9. As a result, Bcl-2 is localized to mitochondria, whereas Bad binds to 14-3-3 leading to the cytoplasmic localization of the protein and inhibition of caspase-9. In contrast, in the absence of IGF-I signaling,
unphosphorylated Bad translocates to the mitochondria. There, it induces release of the cytochrome c to the cytoplasm, subsequent activation of caspase-9 and the fully activation of the intrinsic mitochondrial apoptotic pathway. The role of IGF signaling in apoptosis is not limited to this pathway and also affects the extrinsic apoptotic pathway through downregulation of FasL expression [70] [71] .
Other cellular properties reminiscent to malignant transformation have been linked to
IGFs signaling including regulation of angiogenesis [72] [ [73] [74] [75] [76] [77] , disruption of intracellular junctions [78] and degradation of extracellular matrix (ECM) or basement membrane by matrix metalloproteinases (MMPs) and the uPAR/uPA system [79] [80] [81] [82] . In conclusion, the use of cell culture models clearly suggests an association between activation of the IGF signaling pathway and increased tumor survival and invasion [83] [84] .
On the other hand, in vivo and epidemiological studies on the role of the IGF system in breast cancer development have lead to conflicting issues. The effects described above allow transformed cells to proliferate and survive. These two phenomena are characteristics hallmarks of cancer cells. A long time ago, it was shown that IGF-IR expression correlates with fibroblast transformed phenotypes [85] [86] [87] . During the next years, the regulatory role of IGF axis in tumor growth was established as positive regulation of IGF signaling and was correlated with tumor development [88] [89] [90] . IGF-IRs are more frequently detectable in breast cancer cells compared to normal cells [91] ; IGF-IR is overexpressed in primary breast carcinoma and activates pERK1/2 and pAKT in hormone receptor-positive breast cancer [92] . Other observations can make this story more complicated. In a study where IGF-IR expression was evaluated in formalin-fixed, paraffin-embedded tissue of 210 primary breast cancer patients, overexpression of the receptor was found only in 43.8% of tumors. Even more significant is the result that no correlation was found between the overexpression of IGF-IR and prognosis or other clinicopathological parameter [93] . In another study although IGF-IR expression was up-regulated in a large number of tested samples (with a frequency comprised between 39 and 47%), only some of them have been correlated to a poor prognosis [92] . Moreover, Chong et al using a small number of samples (n=20) did not find any difference in IGF-IR expression levels between adjacent breast cancer and non-neoplastic tissue [94] .
These conflicts may be reconciled by recent studies showing that IGF signaling appears to be more important for breast tumorigenesis than IGF members' expression, especially IGF-IR. Similar IGF-IR protein levels do not necessarily correlate with equivalent phosphorylation status [95] . Animal models and analysis of human medulloblastoma samples also indicate that phosphorylated IGF-IR or downstream effectors (IRS1) levels might be a more reliable indicator of IGF axis contribution to tumor progression than the receptor levels [18] ; for example, depending on the model, a high expression of IGF-IR may not be important if IRS1 is not expressed. Moreover, IGF-I levels might be more important than IGF-IR expression because it is directly responsible for triggering IGF signaling; indeed, overexpression of a particular form of IGF-I which has low-IGFBP and high-IGF-IR affinities in mice, increases the incidence of mammary adenocarcinoma [96] [97] . In situ hybridization studies reported an increased IGF-I expression in stromal tissues surrounding tumor epithelial cells [98] [99] [100] . This is consistent with experiments indicating that mesenchymal cells provide an important paracrine source of IGF-I [18] . In accordance with these studies, higher circulating levels of either IGF-I or IGF-II in human subjects are associated with increased risk for breast carcinoma [101] [102] [103] . Epidemiological investigations suggest an association between cytosine-adenine dinucleotide (CA)n repeat polymorphisms of the IGF-I gene and IGF-I levels and further evidence indicates that genotype may influence breast cancer risk [104] [105] . Indeed, Jernstrôm et al suggest in two independent studies, that lack of the IGF-I 19-repeat allele (n=19) increases IGF-I levels, breast volume and possibly early-onset breast cancer risk after hormone exposure in young high-risk women [106] [107] . This polymorphism has been suggested to serve as a marker for breast cancer risk in the general Jewish population [108] . In another study, Jernström et al show that normal BRCA1/2 carriers had higher IGFBP-3 levels than BRCA1/2-mutated carriers during cycle days 5-10 and 18-23. The lower levels of this IGF "inhibitor" in BRCA1/2 patients may account for a higher activity of IGF-I on their mammary epithelium [106] . On the other hand, decreased levels of IGF-I production has been correlated to tumor growth retardation in mice [109] [110] . Reducing the levels of circulating IGF-I by deleting the gene in liver delays the onset of mammary tumors [111] . Another study of Carboni et al shows that expression of a constitutive form of IGF-IR triggers salivary and mammary adenocarcinomas by the age of 8
weeks [112] . Breast cancer cells selected for metastatic behavior in vivo also have increased IRS2 activation and signaling [113] . Same results were obtained in experiments using LCC6 cells (a metastatic variant of MDA-MB-435). In contrast to wild type cells, cells carrying a truncated IGF-IR receptor, which lacks the autophosphorylated residues in the carboxyl terminus, showed no metastases to the lungs after injection to nude mice [114] .
In conclusion, these observations highlight the necessity for deeper investigation of the role of IGFs in tumor growth. The notion that they can affect almost any aspect of tumorigenesis, including angiogenesis and metastasis supports the major role of IGF system in cancer formation.
IV. Interactions between BRCA1 and the IGF system
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The BRCA1 gene is composed of 24 exons that encode a full length protein of 1863 amino acids in human, and 1812 amino acids in mice [8-115-116] . BRCA1 also encodes at least two smaller protein products: BRCA1-delta11 (also termed BRCA1-11b) that arises from in-frame splicing between exon 10 and exon 12, and BRCA1-IRIS [117] [118] [119] [120] . The triplets into intron 11 [117] . BRCA1 interacts in the cell with numerous proteins involved in various processes including DNA repair, transcription, cell cycle regulation, stress response, apoptosis and tumor suppressor functions [115] [116] [117] [118] [119] [120] [121] .
Recent studies revealed that breast IGF-IR and IGF-IIR mRNA expression levels are generally higher in tissue from women with a family history of breast cancer [122] . The team led by Werner provides a molecular mechanism that might account for this phenomenon: Sp1 is a general transcription factor that is involved in regulation of gene expression including IGF-IR [123] [124] . BRCA1 expression in Saos-2, MCF-7 and CHO cells (but not mutant BRCA1) blocks almost half of Sp1-induced transactivation of the IGF-IR promoter resulting in lower levels of the mRNA and protein [125] [126] . BRCA1 does not bind directly the IGF-IR promoter but prevents Sp1 binding through direct interaction with this protein [127] . They also show a significant elevation of IGF-IR levels in tumors from BRCA1 mutant carriers compared with non-carriers controls [128] . This phenomenon also depends on the genetic status of p53, another gene that has been implicated in hereditary breast cancer (Li-Fraumeni syndrome). Indeed, BRCA1 exerts its effect in both p53 positive and negative cell lines but is ineffective in cells that expressed a mutant of p53 [127] [128] [129] In this study, p53 has been reported to bind directly to BRCA1 [127] [128] [129] .
Meanwhile, we have been studying potential interaction between IGF/IGF-IR and Brca1 in a mouse model carrying homozygous deletions of full length Brca1, and one heterozygous mutation of p53 (Brca1 ∆11/∆11 ,p53 +/-) which displays a higher frequency and latency of tumorigenesis [130] [131] [132] [133] [134] [135] . We found that Brca1 deficiency leads to an 18% increase of IGF-I serum levels ( Fig. 2A ). Because the liver predominantly secretes IGF-I, we checked the corresponding mRNA and protein levels of this growth factor; we were able to show that both expressions increase. Microarrays experiments using total RNAs isolated from livers of Brca1 D11/D11 p53 +/and control mice allow us to detect alterations in several Igf or insulinrelated genes, including Igf-IR and Irs1 (Table 1 ). These changes were confirmed by realtime RT-PCR using total RNAs isolated from multiple tissues (Fig. 2B) . To further study if modulation of Brca1 protein levels could indeed affect expression of these members of the IGF pathway, we used the human UBR60 cell line, whose BRCA1 expression levels can be controlled by a tetracycline-off system [136] . Induction of BRCA1 decreases both IGF-IR and IRS1 expression and subsequently reduces AKT phosphorylation, a downstream event in the IGF cascade. Conversely, decreased expression of BRCA1 in these cells using RNA interference leads to increase IGF-IR and IRS-1 levels (Fig. 2C, D) . We provided additional experiments to decipher the regulatory mechanism for Irs-1 regulation; Chromatin immunoprecipitation (ChIP) assay indicates that BRCA1 binds to the IRS-1 promoter sequence in both presence and absence of tetracycline ( Fig. 2E ). However, the intensity of the band from was significantly stronger upon BRCA1 induction. The ChIP assay also indicated that when BRCA1 levels are low, the IRS-1 promoter is associated with transcriptionally favorable histone modifications (high levels of H3-Acetylated K9 (H3AcK9), H3Me3K4, Histone 4 (H4) H4Me3K20, and H4AcK16, and low levels of H3Me3K9) ( Fig. 2E ). On the other hand, high levels of BRCA1 correlate with transcriptionally repressive histone modifications ( Fig. 2E) . These results provide evidence that increased expression of IRS-1 in BRCA1 deficient systems is directly due to BRCA1 recruitment at the promoter level and associated transcriptional down-regulation [136] .
The influence of IGF-I on tumorigenesis prompted us to examine its levels in mammary tumors. We showed that mammary tumors significantly exhibited increased Igf-1, Igf-IR, and
Irs-1 mRNA levels than normal tissues (Fig. 3A ). Because these tumors were also deficient in p53, this suggests that activation of IGF signaling upon Brca1 deficiency occurs, for this model, in a p53-independent manner [136] .
IGF signaling has been associated with cell survival and proliferation. To establish a causal relationship between the increased IGF signaling and cancer cell proliferation, we
suppressed Irs-1 with one shRNA in three BRCA1-deficient tumor cells (i.e. 69, 525, 780) [17] . We found that down regulation of IRS-1 levels was accompanied by a dramatic reduction in cell growth three days after transfection (Fig. 3C) . Interestingly, we observed that the two main pathways downstream of IRS-1 were also down-regulated with a dramatic reduction of AKT and MAPK phosphorylation levels ( Fig 3B) . Meanwhile, significant inhibitory effects were detected in all three Brca1 mutant cells lines but not in a Brca1 wild type control cell line ( Fig. 3D-G) . In one cell line, suppression of Irs-1 expression led to a complete inhibition of cell growth [136] .
Of note, a recent study revealed that IGF-I and Sp1, which have been involved in IGF-IR expression, also positively regulate BRCA1 transcription [128] . These data suggest a potential negative regulatory feedback loop that limits IGF signaling in cells expressing normal BRCA1. 
V. Targeting the IGF pathway to prevent the development of familial breast cancer
Few preventive actions can be undergone to inhibit IGF-related tumorigenic effects; for example, accumulating epidemiological evidences show that insulin resistance in overweight people might be important to explain the higher incidence of cancer in this population. The hypothesis is that chronic hyperinsulinemia is associated with decreased concentrations of both IGFBP-1 and IGFBP-2, leading to increased availability of IGF-I [137] . Reduction of IGF-I levels can be accomplished through a calorie-restricted diet [138] [139] and could represent a potential way to prevent development of tumors (including tumors of the breast)
in high-risk families especially for overweight people. Reduction of IGF-I levels might also be performed in vivo using GHRH, somatostatin and GH antagonists; GHRH antagonist, JV-1-36, has been shown to inhibit in vivo breast cancer growth probably through reduction of IGF signaling [140] . Moreover, pegvisomant, a polyethylene glycol derivative GH antagonist, is also efficient in vivo against breast cancer cell lines [141] [142] . Restoration of IGF-I serum levels in a mouse model of prostate carcinogenesis, which has been caloricrestricted (and then with lower serum levels of IGF-I), increased the stage of the cancers and cell proliferation in hyperplastic foci [138] . Alternatively, IGFBP proteins could be used to inhibit IGF-I serum levels considering their high affinity properties [143] ; however, this alternative might be difficult to be tested in clinical trials considering the extremely short half-life of these proteins. Such strategies could be envisaged upon stabilization of IGFBPs in vivo, which is still a subject of research. Another concern is the consequence of long-term down-regulation of IGF-I serum levels which might be difficult to undergo considering the benefits of maintaining this growth factor levels for elderly adults (neuro-protection, brain plasticity, muscle mass maintenance) [144] [145] . On the other hand, numerous strategies have been undergone to target directly the IGF pathway during the process of tumorigenesis.
Monoclonal antibodies
Monoclonal antibodies are among the most widely used tools to target IGF-IR or IGF-I/II. Those studies used cell lines or mice models to show, in most cases, a clear reduction of breast tumor growth or size and/or IGF-IR membrane expression [146] ; depending on the study, the antibodies (injected for several weeks to immunodeficient xenografted-mice) target the IGF-I binding domain preventing the action of the growth factor like downstream phosphorylation events, or trigger IGF-IR internalization [147] [148] [149] [150] [151] [152] [153] . Li and colleagues showed that injection of their specific antibody (500 µg/mouse, twice a week) significantly suppressed MCF-7 tumor growth in immunodeficient mice [150] . The mechanism might be a little bit more complex than a simple inhibitory interaction. Indeed, Sachdev et al showed that the antibody stimulates short and transient biochemical activation of IGF-IR and subsequent receptor down-regulation, making MCF-7 cells refractory to IGF-I exposure [152] . In two other independent studies using two different antibodies, the authors enhanced chemotherapeutics tamoxifen-based treatment, suggesting an overall synergistic benefit to combine those different strategies [148] [149] [150] [151] [152] [153] . The same strategy has been successfully applied by another group using a different high-affinity IGF-IR antibody; in this case, they were able to block IGF-I binding, IGF-IR internalization on tumor cells and significant growth reduction (and induce IGF-IR internalization on tumor cells and significant growth reduction) of xenografted tumors in mice [147] . In two other papers, the use of a bi-specific antibody targeting both IGF-I and EGF, or IGF-I and IGF-IR, was successful to prevent activation of downstream pathways including MAPK [154] [155] . Interestingly, these strategies have been useful to decrease tumor size of other cancer types as well [156] . Alternatively, IGF-I antibodies could be used to neutralize both IGF-I and IGF-II receptor-binding (steric occupancy). Several studies have reported the use of such antibody to inhibit the growth and migration properties of culture cell lines [160] [161] ; however, no such antibodies have ever been used to our knowledge for clinical trials yet.
IGF-IR tyrosine kinase inhibitors
Competitive inhibitors of the ATP binding domain of the IGF-IR have been developed with a specific challenge because in most cases they bind to both IGF-IR and IR (IGF-IR and IR share 84% sequence homology in their active sites). Most preliminary tests have been performed in the same animal models as the ones used for antibodies trials. One specific study on breast cancer shows an inhibition of tumor growth [162] while studies on other cancer types also demonstrate their efficiency to reduce tumor size and/or invasiveness [156] .
Considering their anticipated actions on insulin effects and blood glucose levels (while blocking insulin metabolic effects on the whole organism might be deleterious, their action on the insulin receptor expressed by the tumor cells might be beneficial) [163] , none of them has entered clinical trials and they are still at the preclinical stage (including the tyrphostins AG1024, AG1034 from Clinisciences [164] [165] ) and BMS-55417/536924 from Bristol-Myers Squibb [166] ). However, binding of the insulin receptor has only been tested for some of them and this remains to be validated for all developed molecules before ruling out the 20 potential use of those molecules to treat breast cancer. For example, other tyrphostins including the EGFR kinase inhibitor AG1571 has been used in clinical trials since early 1997.
More specific molecules have been developed to target the IGF-IR receptor: pyrrolo [2,3d] pyrimidine derivatives (NVP-AEW541/ADW742) exhibit a higher specificity (16-fold for AEW541) for IGF-IR in cellular assays but still display an inhibitory effect on the insulin receptor due to their ATP competitive ligand activity and the homology between both kinase domains [167] [168] . Specifically, dose-response experiments will be needed to clearly specify Numerous studies on cell lines have been published on this subject; they demonstrate a convincing effect of siRNA or shRNA in downloading IGF-IR expression levels and cell tumor growth [158-171-172] . As illustrated earlier, we have used the same approach with three different cancer cell lines, which do not express normal BRCA1 but a mutant form.
Down-regulation of IGF-IR or IRS-1 mRNA and protein levels leads to cell growth inhibition and apoptosis. At the cell culture level, inhibition of IGF signaling by RNA interference or anti-sense strategies appears a suitable strategy to inhibit tumor growth [136] . However, in vivo siRNA is still not largely used and might not be suitable at the organism level.
Nevertheless, the experiments based on BRCA1-expressing or non-expressing cell lines provide evidence that IGF signaling would be a suitable target for familial breast cancer therapies [136] .
Indirect strategies
On the other hand, indirect ways could be envisioned to target IGF actions. Further studies will be needed to prove the activation of the MAPK pathway upon loss of BRCA1 in breast tumors (see above . 4 ).
Inhibition of IGF signaling presents a great hope in eradicating familial breast cancer formation. Several antibodies against IGF and IGF receptors have entered clinical trials.
Promising data was also obtained by using specific inhibitors to target IGF and/or IGF receptor tyrosine kinase. A combination of effective antibodies and specific inhibitors should be considered to treat familial breast cancers, which showed increased levels of IGF, IGF-IR and/or IRS-1. This may lower doses of each product and generate less toxicity to enhance the efficiency and specificity of the treatment. In that case, this might be also included in preventive strategies, specifically in BRCA1 carriers.
Experimental systems using small interfering and hairpin RNA (siRNA, shRNA) to knockdown IGF-IR or IRS-1 mRNA and protein levels resulted in cell growth inhibition and apoptosis. However, difficulties in delivering the siRNA and/shRNA put a great challenge in their application to cancer patients. Future efforts should be directed to achieve safe and 23 effective ways to administrate these agents. In this aspect, nanoparticles may serve as an effective vehicle for targeted delivery of the agents to cancers as demonstrated recently [183] [184] .
Targeted therapeutic treatments could also be directed against MAPK/ERK and the AKT/mTOR pathways, both of which are activated at varying levels by IGF signaling. A MEK/ERK inhibitor, U0126, has been used in clinical trials for multiple different cancers.
Our recent study also demonstrated that U0126 could effectively inhibit ERK phosphorylation a few hours after administration, and a prolonged treated completely reversed skeletal abnormalities caused by FGFR2/MEK/ERK activation [185] [186] .
Meanwhile rapamycin and its analogs, such as CCI-779, RAD001 and AP25373, which inhibit AKT/mTOR signaling, have also been used in the treatment of various types of mouse and human tumors. Future efforts should also be directed in testing these drugs either alone, and/or in a combination to developed powerful therapeutic regimes that kill familial breast cancers. 
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